Introduction {#S001}
============

As a single-stranded RNA filovirus, Ebola virus (EBOV) causes the severe Ebola virus disease (EVD) and subsequently led to an extremely high mortality rate in the last four decades, since its discovery in 1976 \[[@CIT0001]\]. The recent outbreak of EBOV resulted in 28,646 EVD cases and 11,323 fatalities \[[@CIT0004],[@CIT0005]\]. EBOV is also considered as a potential bioterrorism agent due to its high contagiousness and virulent nature \[[@CIT0006]\].

Vaccination is the most cost-effective measure for the prevention and control of certain infectious diseases. A variety of EBOV vaccine candidates have been developed in past 10 years, and some of them have reached the clinical trial stage, including DNA vaccines \[[@CIT0007]\], virus-like particle (VLP) based vaccines \[[@CIT0008]\], recombinant vesicular stomatitis virus (rVSV) vectored vaccines \[[@CIT0009]\], recombinant adenoviral vaccines \[[@CIT0010],[@CIT0011]\], and modified vaccinia Ankara (MVA) vectored vaccines \[[@CIT0011]\]. Among these vaccine candidates, an rVSV vector-based live attenuated Ebola vaccine developed by *Merck* & *Co*. Inc was submitted for a US Food and Drug Administration (FDA) license approval \[[@CIT0014]\]. In 2017, the China FDA approved an Ebola vaccine based on an adenoviral vector originated from human adenovirus serotype 5 (Ad5) \[[@CIT0015]\]. These two types of vaccines have provided basic support for the prevention and control of an Ebola epidemic in some cases. However, both vaccines involve single dose immunization, and the intensity and duration of the single dose immunization-induced immunity need to be improved. Related studies suggest that a more efficient EBOV vaccine with sustained immunity, good safety, and tolerability is needed, especially for the front-line workers \[[@CIT0016]\]. Thus, the heterologous prime-boost strategy represents an innovative approach to fulfil this need \[[@CIT0016]\].

Chimpanzee adenovirus rarely circulates in humans and most people do not have corresponding pre-existing immunities \[[@CIT0017],[@CIT0018]\]. Vectors derived from chimpanzee adenovirus share desirable features with human adenovirus, such as a broad tissue tropism and ease of large-scale manufacturing \[[@CIT0019]\]. Therefore, chimpanzee adenoviral vectors are widely employed in the development of various vaccines, including the EBOV vaccine \[[@CIT0020]\]. A chimpanzee adenoviral vector termed as ChAd3 was considered as a replacement of Ad5 for developing an EBOV vaccine. ChAd3-based single dose EBOV vaccines or heterologous prime-boost EBOV vaccines have been tested in phase I or phase II clinical trials with promising results \[[@CIT0021]\]. AdC7 and AdC68 are two chimpanzee adenovirus-modified vectors, similar to the Ad5 vector, which induces potent transgene product-specific B-cell and T-cell immune responses that are not impaired by a pre-existing immunity to common human adenovirus serotypes \[[@CIT0018]\]. An AdC7-based EBOV vaccine has been tested in mice and guinea pigs previously, which induced strong immune responses and conferred complete protection. Although the results from this study were encouraging, this vaccine candidate needs to be further tested in non-human primates \[[@CIT0022]\].

In this study, we aimed to assess and fully characterize the immune responses elicited by AdC7 and AdC68 as a vaccine platform against EBOV. To this end, we constructed the recombinant vectors AdC7 and AdC68 expressing the Ebola envelope GP identified in the 2014 Ebola outbreak and tested these two vaccine candidates via single dose immunization and prime-boost regimen in both murine and rhesus monkey models with simulated Ebola infection.

Materials and methods {#S002}
=====================

Construction of recombinant adenoviral vectors AdC7 or AdC68 expressing EBOV GP {#S002-S2001}
-------------------------------------------------------------------------------

EBOV full-length GP open reading frame of Zaire strain isolated from H. sapiens-wt/GIN/2014/Makona-Gueckedou-C07 (GenBank accession number KJ660347) was codon-optimized and synthesized by GenScript (Nanjing, China). The GP gene was then inserted into pShuttle vector (Clontech Laboratories Inc., USA) by the restriction sites XbalI and KpnI. Subsequently, the whole GP expression cassette containing CMV promoter, GP gene, and BGH polyA tail was cloned into the E1- deleted region of adenoviral vectors pAdC7 or pAdC68 by I-CeuI and PI-SceI sites separately (Supplementary Figure 1A). The E1 and E3-deleted replication-deficient adenoviral vectors were generated by our lab \[[@CIT0023],[@CIT0024]\]. AdC7-empty and AdC68-empty with no insertion in E1 deleted region were employed as two control viruses and generated as mentioned above. Recombinant adenoviruses were rescued, expanded, and purified by CsCl gradient ultracentrifugation as previously described \[[@CIT0024]\]. Viral particle (vp) numbers were determined by spectrophotometry.

*In vitro* EBOV GP expression {#S002-S2002}
-----------------------------

HEK293 cells were infected with different doses of AdC7-EBOV, AdC68-EBOVgp, AdC7-empty, and AdC68-empty. Twenty-four hours post-infection, HEK293 cells were collected, and the cell lysates underwent SDS-PAGE, followed by Western blotting with anti-EBOV GP monoclonal antibody 6D8 generated as previously described or anti-β-actin monoclonal antibody (A5441, Sigma-Aldrich, St. Louis, MO, USA) (Supplementary Figure 1B) \[[@CIT0019]\].

Animal immunization {#S002-S2003}
-------------------

All animal experimental protocols involved in this study were approved and followed the guidelines provided by the Institutional Animal Care and Use Committee of the Institut Pasteur of Shanghai and Non-Human Primates Experiment Platform of Institute of Neuroscience, Chinese Academy of Sciences (protocol approval number: A20160927).

Female BALB/c mice aged approximately 6--8 weeks were obtained from Shanghai laboratory animal center and were housed in specific pathogen-free facilities at Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai, China. Mice were randomly divided into six groups (*n* = 8 or *n* = 5) and were immunized via i.m. injection with 2 × 10^10^ vp of different adenoviruses ([Figure 1](#F0001){ref-type="fig"}(A)) and prime-boost groups were boosted with the same dosage at week 4. All mice blood samples were collected at different time points to detect antibody titre and T cell responses ([Figure 1](#F0001){ref-type="fig"}(A)). Figure 1.EBOV GP-specific IgG immune responses in immunized mice. (a) Chimpanzee adenoviral vaccine immunization and bleeding strategies in BALB/c mice. Six groups (*n* = 8) of BALB/c mice were i.m. injected with 2 × 10^10^ vp viruses. Blood samples were collected at different time points. (B) Kinetics of EBOV GP-specific total IgG reciprocal endpoints titres (log10) in 32 weeks post vaccination. Total IgG immune responses were measured by ELISA. (C) Anti-EBOV total IgG reciprocal endpoint titer (log10) of each immunized group at week 8 post vaccination. (D--F) represented EBOV GP-specific isotypes IgGs responses, IgG2a shown in (D), IgG2b shown in (E) and IgG1 shown in (F), all data were collected at week 8 post vaccination. The absorption values were detected at 450 nm. All data were displayed as mean ± SEM (standard error of mean). Significant differences were displayed as: NS, no significant differences;\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

Five Rhesus monkeys (2 males and 3 females) weighing 3--6 kg and aged 3--5 years old were purchased from Suzhou XiShan Zhongke Laboratory Animal Company, China and raised at the clean facility in Non-Human Primates Experiment Platform of Institute of Neuroscience, Chinese Academy of Sciences. Vaccine group (*n* = 3, one male and two females) monkeys were immunized with 5 × 10^10^ vp of AdC7-EBOVgp at week 0 and 5 × 10^10^ vp of AdC68-EBOVgp at week 4 via the i.m. injection, while control group (*n* = 2, one male and one female) animals were vaccinated with the same dose of AdC7-empty at week 0 and AdC68-empty at week 4 ([Figure 5](#F0005){ref-type="fig"}(A)). Blood samples of monkeys were collected at week 0, 2, 4, 6, 8, 12, and 24.

Anti-EBOV GP binding antibody detection {#S002-S2004}
---------------------------------------

EBOV GP1 proteins were generated as previously described \[[@CIT0025]\]. GP1 proteins (300 ng) were coated onto the bottom of each well of a 96-well ELISA plate (Costar) and incubated at 4°C for overnight. After blocking with 5% skim milk at 37°C for 2 h, the plates were washed three times with PBST and then added with serially diluted sera collected at different time points, at a starting dilution of 1:100 and were incubated at 37°C for another 2 h. Plates were washed five times with PBST and then incubated with 1:8000 dilutions of horseradish peroxidase(HRP)-conjugated anti-mouse IgG (A0168, Sigma--Aldrich), or 1:5000 dilutions of HRP-conjugated anti-monkey IgG (sc-2458, Santa Cruz Biotechnology), or 1: 5000 dilutions of HRP-conjugated anti-mouse IgG2a, IgG2b, and IgG1 (Southern Biotechnology, Birmingham, AL, USA) at 37°C for 1 h. This was followed by the washing steps and then the addition of the 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (New Cell & Molecular Biotech Co., Ltd, Suzhou, China) to observe the colour reaction, which was stopped using a 2 M sulphuric acid (H~2~SO~4~) solution. The absorbance at 450 nm was measured using a Varioskan Flash multimode reader (Thermo Scientific). The antibody endpoint titre was determined as the reciprocal of the highest sera dilution with an absorbance reading greater or equal to 0.1 OD unit above the absorbance of the pre-immune samples.

EBOV GP neutralizing assays {#S002-S2005}
---------------------------

Anti-EBOVgp neutralization antibody detection was performed by applying a pseudotyped lentivirus with EBOV GP membrane proteins, a firefly luciferase reporter gene and backbone of human immunodeficiency virus (HIV) as previously described \[[@CIT0025],[@CIT0026]\]. Neutralizing assays were carried out as follows. Madin-Darby Canine Kidney (MDCK) cells (approximately 20,000 cells) were seeded into a 96-well flat-bottomed cell culture plate and cultured at 37°C in a humidified 5% CO~2~ incubator overnight. 50 µl 100 × TCID50 (50% tissue culture infective doses) of the EBOV pseudovirus were co-cultured with an equal volume of serially diluted heat-inactivated plasma samples at a starting dilution of 1:25 (murine plasma) or 1:20 (monkey plasma). After incubation at room temperature (RT) for 1 h, the mixtures were added back to the MDCK cells. Relative luciferase activity (RLA) was measured using the luciferase assay system (Promega) 48 h after infection. The formula for calculating the neutralizing activity is as follows: Neutralizing activity = (RLA of EBOV pseudovirus-infected cells--RLA of infected cells with plasma treated-EBOV pseudovirus)**/**(RLA of EBOV pseudovirus-infected cells) **× **100%. Neutralizing titer 50 (NT50) was defined as the highest reciprocal dilution of plasma samples with a neutralizing activity greater or equal to 50%.

Chimpanzee adenovirus neutralization assays {#S002-S2006}
-------------------------------------------

Chimpanzee adenovirus-specific neutralizing antibodies were measured as described previously \[[@CIT0027]\].

ELISPOT assays {#S002-S2007}
--------------

Murine peripheral blood mononuclear cells (PBMCs) were isolated as previously described \[[@CIT0028]\]. Splenocytes were isolated from murine spleen by using 100 μm cell strainers, followed by treatment with Ammonium-Chloride-Potassium (ACK) lysis buffer (Beyotime) to remove the red blood cells. The isolated cells were then suspended in complete RPMI-1640 medium (Gibco) and counted for the following experiments. IFN-γ ELISPOT for mice was measured as previously described \[[@CIT0028]\]. Briefly, 96-well PVDF plates (Millipore, Bedford, MA, USA) were pre-coated with 15 μg/ml anti-mouse IFN-γ coating antibody (An-18, Mabtech, Nacka, Sweden) at 4°C overnight, and then blocked with complete RPMI-1640 medium for 2 h at 37°C. Freshly isolated PBMCs or spleenocytes were transferred to the plates and stimulated with a peptides pool (0.5 μg/ml of each peptide) spanning the entire EBOV GP (GL Biochem Ltd, Shanghai, China), the peptides were 15-mers overlapping by 10 amino acids, and incubated for 48 h at 37°C and 5% CO~2~. Control stimuli were PBS (as negative control) or 10 μg/ml concanavalin A (as positive control). Subsequently, the plates were incubated with 1 μg/ml anti-mouse IFN-γ detection antibody (R4-6A2-biotin, Mabtech) at room temperature for 2 h and then with streptavidin-HRP (dilution 1:500, Mabtech) for 1 h. After washing, 100 μL/well of TMB substrate solution (Mabtech) were added and developed for 15--30 min until distinct spots emerge. The cytokine-secreting cell spots were imaged and counted on a CTL Immunospot reader (Cellular Technology Ltd, Shaker Heights, USA).

EBOVLP challenge in immunized mice {#S002-S2008}
----------------------------------

An EBOVLP based reporter system containing EBOV VP40, NP, GP, and firefly luciferase proteins were prepared as previously described \[[@CIT0019]\]. Briefly, pcDNA3.1-VP40, pcDNA3.1-NP, pcDNA3.1-GP, and pLenti6-Fluc plasmids were co-transfected into 293T cells with polyethylenimine transfection reagents. Supernatants containing EBOVLP were harvested after 48 h and ultracentrifuged at 27,000 rpm for 3 h through a 25% sucrose cushion. The crude purification of EBOVLP precipitate was resuspended in PBS and was ready for use. Six groups (*n* = 5) of BALB/c mice were immunized as described above. Immunized mice were challenged with EBOVLP containing 2 μg of VP40 through intravenous injection after 12 weeks. 12 h post-infection, mice were anesthetized using pentobarbital sodium anesthesia and injected with 1.5 mg/mouse of VivoGlo Luciferin (Promega) reconstituted in sterile PBS via the intraperitoneal route. *In vivo* imaging and bioluminescence measurement were performed using the IVIS SpectrumCT System (PerkinElmer). Average radiance (photons/s/cm2/sr) represent total flux (photons/sec or p/s) from each pixel inside the ROI (region of interest) / number of pixels or super pixels.

Passive transfer of immune serum {#S002-S2009}
--------------------------------

Plasma of rhesus monkeys was collected at 2 weeks post boost (6 weeks after prime) as described above. Two groups (*n* = 5) of naïve BALB/c mice were intraperitoneally injected with 500 μL/mouse pooled sera of immunized group (AdC7-EBOVgp prime-AdC68-EBOVgp boost) or control group (AdC7-empty prime-AdC68-empty boost). 12 h post treatment, mice were challenged with EBOVLP and *in vivo* imaging and bioluminescence measurement were performed as described above.

Statistical analysis {#S002-S2010}
--------------------

Statistical significance between groups was analysed using one-way analysis of variance (ANOVA) with LSD multiple comparison tests or Student's t-test. The correlation between the immune protection and antibody responses was analysed using Pearson's correlation analysis. *P* values \< 0.05 were considered statistically significant. All statistical analyses were performed using the GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA) software.

Results {#S003}
=======

Construction and expression of AdC7-EBOVgp and AdC68-EBOVgp {#S003-S2001}
-----------------------------------------------------------

The full-length GP of Makona-C07 strain identified in the 2014 EBOV outbreak was chosen as antigen. The codon-optimized GP sequence under the regulation of cytomegalovirus (CMV) promoter was cloned into the E1-deleted region (ΔE1) of adenoviral vectors, AdC7 and AdC68, respectively (Supplementary Figure 1A). The recombinant viruses were rescued and propagated in HEK293 cells and viral particles (vp) were determined by the absorbance at 260 nm. AdC7-empty and AdC68-empty viruses with no insertion in ΔE1 were generated as negative controls using the same amplification method.

The EBOV GP expression levels of two vectors were assessed *in vitro* by Western blot. GP of both vectors was highly expressed in 10^10^ vp infected HEK293 cells, whereas no GP-specific band was detected in control vectors (Supplementary Figure 1B). These results demonstrated the successful construction of two recombinant adenoviruses expressing EBOV GP.

EBOV GP-specific antibody responses in mice {#S003-S2002}
-------------------------------------------

Six groups of BALB/c mice were immunized intramuscularly (i.m.) with 2 × 10^10^ vp viruses, and Group c and Group f were boosted at week 4 with the same dosage of viruses ([Figure 1](#F0001){ref-type="fig"}(A)). Blood samples were collected at specific time points and sera were isolated to measured EBOV GP-specific antibodies. As depicted in [Figure 1](#F0001){ref-type="fig"}(B), immunization with either AdC7-EBOVgp (Group b or c) or AdC68-EBOVgp (Group e or f) induced GP-specific antibody responses at week 2 and stably increased at week 4. After the boost, the antibody titres in both AdC7/AdC68 (Group c) and AdC68/AdC7 (Group f) groups increased rapidly at week 6 when compared with a slight growth in the single shot groups (Group b and e) ([Figure 1](#F0001){ref-type="fig"}(B)). Regarding AdC7/AdC68 vaccination, the average antibody titre was peaked to the highest level of 12000 at week 8 ([Figure 1](#F0001){ref-type="fig"}(B,C)) and with some slight changes over time to maintain the high level of about 8000 at week 32 ([Figure 1](#F0001){ref-type="fig"}(B)). Although the antibody titres in AdC68/AdC7 group were higher after the boost, the mean titres remained approximately 5500, which were much lower than AdC7/AdC68 vaccination ([Figure 1](#F0001){ref-type="fig"}(B,C)). Comparison of the endpoint titres of all groups at week 8 is specified in [Figure 1](#F0001){ref-type="fig"}(C). These results indicated that both AdC7-EBOVgp and AdC68-EBOVgp could trigger EBOV GP specific immune responses in mice. AdC7/AdC68 prime-boost elicited much stronger and more durable antibody response than single-dose immunization and the AdC68/AdC7 prime-boost regimen.

IgG subtype in each group was also measured. As shown in [Figure 1](#F0001){ref-type="fig"}(D--F), stronger IgG2a, IgG2b, and IgG1 responses are observed at week 8 in four vaccine groups (Group b, c, e, and f), while nothing was detected in control groups (Group a and d). IgG isotype profile was further tested at week 20. IgG2a and IgG1 of four vaccine groups maintained the higher level and AdC7/AdC68 group was still above others (Supplementary Figure 2A, C and D). However, the levels of IgG2b were reduced in four vaccine groups than those at week 8 (Supplementary Figure 2B and D). Generally, IgG2a and IgG2b isotypes relate to Th1 dominant immune response and IgG1 relates to Th2 response activation in mice \[[@CIT0029]\]. Hence, the results indicate that one-shot of AdC7 or AdC68 could induce both Th1 and Th2 immune responses.

An EBOV pseudotype-based neutralization antibody titration assay (NTA) was developed in our lab and was used to determine the GP-specific NTA \[[@CIT0025]\]. Consistent with the IgG antibody responses, four vaccine groups elicited higher NTA titres than the control groups after the first immunization ([Figure 2](#F0002){ref-type="fig"}(A)). After boost, the AdC7/AdC68 group triggered mean NTA titre to the highest level of 375 at week 6 ([Figure 2](#F0002){ref-type="fig"}(A,B)); the NTA titre decreased over time and was maintained at around 180 at week 32. Though the NTA titres in AdC68/AdC7 group were increased post-boost, they were still lower than those in the AdC7/AdC68 group ([Figure 2](#F0002){ref-type="fig"}(A,B)). Importantly, the NTA titres significantly correlated with the total IgG titres (*r* = 0.8491, *P* \< 0.0001) ([Figure 2](#F0002){ref-type="fig"}(C)) and IgG2a (*r* = 0.8092, *P* \< 0.0001) (Supplementary Figure 3A and B). Altogether, these results demonstrate that our AdC7 and AdC68 EBOV vaccine showed strong immunogenicity in the murine model. Figure 2.Neutralizing antibody responses in immunized mice. (A) Kinetics of EBOV GP specific neutralizing antibody responses NT50 in 32 weeks post vaccination. (B) NT50 responses of each immunized groups at week 8 post vaccination. (C) Correlation between NT50 titres and total IgG titres. Pearson's correlation was applied in this analysis. All data were displayed as mean ± SEM. Significant differences were displayed as: NS, no significant differences;\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

EBOV GP-specific T cell responses in mice {#S003-S2003}
-----------------------------------------

Enzyme-linked immunospot (ELISPOT) assays were performed to measure murine T cell responses. As depicted in [Figure 3](#F0003){ref-type="fig"}(A,B), a set of mice was sacrificed at 8 weeks after vaccination and both PBMCs (peripheral blood mononuclear cells) and mouse splenocytes were harvested. Interferon gamma (IFN-γ) spot-forming cells (SFCs) in the AdC7/AdC68 group were much higher than those in the AdC7-EBOV group or the AdC7-empty group in both PBMCs and splenocytes. Surprisingly, the SFCs for IFN-γ in both AdC7/AdC68 group and AdC68/AdC7 group were at a similar level, whereas those in both were significantly higher than that in the AdC68-empty group. Figure 3.EBOV GP-specific T cell immune responses in immunized mice. Six groups (*n* = 5) of BALB/c mice were immunized with 2 × 10^10^ vp viruses via the i.m. injection. ELISPOT was performed to evaluate the ability of (A) PBMC and (B) splenocytes to secrete IFN-γ following stimulation with EBOV GP peptides pool at week 8 post immunization. All data were displayed as means ± SEM. Significant differences were displayed as: NS, no significant differences;\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

Protection against EBOVLP challenge in mice {#S003-S2004}
-------------------------------------------

Instead of the EBOV challenge that should be operated in biosafety level 4 (BSL-4) facility, the EBOVLP challenge performed in this study used EBOV-like particles expressing firefly-luciferase (Fluc) to validate the potential protection of the EBOV vaccine regimens in animals \[[@CIT0019]\]. As shown in [Figure 4](#F0004){ref-type="fig"}(A), groups of BALB/c mice were immunized as described above and received EBOVLP via intravenous (i.v.) route 12 weeks post immunization. *In vivo* imaging and bioluminescence signal detection was performed after 12 h. The bio-signals in four vaccine groups were sharply declined compared with the control groups ([Figure 4](#F0004){ref-type="fig"}(B,C)). Particularly in the AdC7/AdC68 group, nearly no visible bio-signals were observed ([Figure 4](#F0004){ref-type="fig"}(B,C)). In addition, there was a significantly negative correlation between the NTA titres and bio-signals in mice (*r* = −0.7334, *P* \< 0.0001) ([Figure 4](#F0004){ref-type="fig"}(D)). These results implied that the AdC7/AdC68 prime-boost exceeded AdC7 or AdC68 single vaccination or AdC68/AdC7 prime-boost in blocking EBOVLP infection in mice, and the protection is significantly correlated with neutralizing antibodies induced by vaccine regimen. Figure 4.Protection against EBOVLP challenge in vaccinated mice. (A) Schematic diagram of EBOVLP challenge in mice. Six groups of BALB/c mice were immunized as described previously. After 12 weeks, EBOVLP was injected via i.v. route and *in vivo* imaging was performed 12 h post challenge. (B) *In vivo* bioluminescence signal images and (C) the measurement value of different murine groups were shown separately. The dotted line indicates the baseline, which is the bio-signal value of a non-immunized mouse. (D) Correlation between NT50 titres and bioluminescence signals of immunized mice. All data were displayed as mean ± SEM. Significant differences were displayed as: NS, no significant differences;\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

EBOV GP-specific immune response in prime-boost rhesus macaques {#S003-S2005}
---------------------------------------------------------------

The immunogenicity of AdC7/AdC68 prime-boost was particularly evaluated in non-human primates (NHPs). Five rhesus macaques were divided into two groups. As shown in [Figure 5](#F0005){ref-type="fig"}(B), total IgG titres of three individual monkeys in vaccine group were elevated to a high level after prime and intensely increased up to a peak value post boost, while the two control monkeys remained at a low level during the time. At week 6, IgG titres of three monkeys in vaccine group were 25600, 25600, and 51200, respectively, which were extremely higher compared with two controls, and they decreased over time to 3200, 3200, 6400 at week 24. Furthermore, the neutralizing antibody responses were measured in rhesus macaques. As shown in [Figure 5](#F0005){ref-type="fig"}(C), NTAs of three monkeys in vaccine group are raised after prime and intensively produced post-boost compared with two controls. The NTAs of those three were peaked to 1280, 2560, and 2560 at week 6 and maintained stability in week 12 and dropped to 320, 160 and 80 at week 24. Figure 5.EBOV GP-specific antibody responses and chimpanzee Ad neutralizing antibody in rhesus macaques. (A) Five rhesus macaques were divided into two groups. Monkeys were primed with 5 × 10^10^ vp of AdC7-empty or AdC7-EBOVgp at week 0 and boosted with the same dose of AdC68-empty or AdC68-EBOVgp at week 4. Blood samples were collected at different time points. (B) Kinetics of EBOV GP specific total IgG reciprocal endpoints titers (log10) and (C) neutralizing antibody NT50 of monkeys at 24 weeks post-immunization were presented. Kinetics of (D) AdC7 and (E) AdC68 specific neutralizing activities of individual monkeys at 8 weeks post-immunization were presented. Empty 1 and Empty 2 represented two individual monkeys in the control group, while EBOVgp1, EBOVgp2, and EBOVgp3 represented three individual monkeys in the vaccine group.

Adenovirus-specific neutralizing antibodies were assayed as well. All five rhesus macaques were screened with no neutralizing activity against both Ad vectors initially, suggesting that the monkeys had no AdC7 or AdC68 adenovirus infection before. AdC7 specific neutralizing titres of five monkeys were detected after prime and remained at a high level with little changes in 8 weeks ([Figure 5](#F0005){ref-type="fig"}(D)). The AdC68-specific neutralizing titres of five monkeys were induced only after the boost ([Figure 5](#F0005){ref-type="fig"}(E)). Numerically, the neutralizing titres of AdC68 (titres of the monkeys were 1280, 640, 1280, 640, 640, respectively) were higher than AdC7 (titres of the monkeys were 320, 160, 160, 640, 160, respectively) at week 8 (*p* \< 0.05) ([Figure 5](#F0005){ref-type="fig"}(D,E)), which implies that the immunogenicity of AdC68 is superior to AdC7.

Passive transfer of immune serum provided protection {#S003-S2006}
----------------------------------------------------

To investigate the potential protective effects of the antibodies induced by AdC7/AdC68 prime-boost regimen against EBOVLP challenge in monkey, sera from both vaccine and control monkeys were collected and passively transferred to naïve BALB/c mice. The treated mice were challenged with EBOVLP and performed *in vivo* bioluminescence imaging ([Figure 6](#F0006){ref-type="fig"}(A)). Mice received sera from the vaccinated monkeys displayed markedly weak bio-signals, while controls displayed strong bio-signals ([Figure 6](#F0006){ref-type="fig"}(B,C)). These results demonstrated that the antibodies induced by immunized macaques blocked EBOVLP infection at a certain extent in mice. Figure 6.Antibodies from immunized rhesus macaques protected mice against EBOVLP. (A) Schematic diagram of EBOVLP challenge in mice. Two groups of mice received pooled plasma from vaccine and control monkeys via i.p. injection. After 12 h EBOVLP were injected into mice via i.v. route, and *in vivo* imaging was performed another 12 h post challenge. (B) *In vivo* bioluminescence signal images and (C) the measurement value of different murine groups were shown separately. All data were displayed as mean ± SEM. Significant differences were displayed as: NS, no significant differences;\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

Discussion {#S004}
==========

The EBOV envelope GP, which forms heterotrimeric spikes on the viral surface mediates macropinocytosis and plays a vital role in the virus-cell attachment and entry \[[@CIT0030],[@CIT0031]\]. Therefore, GP has been chosen as a pivotal antigen for numerous EBOV vaccine studies. Many studies selected GP of EBOV Mayinga or Kikwit strain from previous outbreaks as antigens \[[@CIT0032]\]. Despite the major homologous sequences among those strains, there are still many mutations in the strain derived from the 2014 outbreaks that differed from previous strains, which may cause different virulence \[[@CIT0035]\]. Ever since the extensive impact of EVD outbreak in 2014, there are approximately 17,000 survivors suffering sequelae of symptoms post EBOV infection \[[@CIT0005]\]. Moreover, the presence of EBOV RNA in semen of EVD survivors remains for several months, and the risk of re-emergence remains high \[[@CIT0038]\]. Our vaccine that employed GP from Makona-C07 strain, might provide more powerful protection.

Adenoviral vectors, particularly the replication-deficient recombinant chimpanzee adenovirus, exhibit promising potential as great vaccine vectors against various diseases \[[@CIT0039]\]. Generally, both AdC7 and AdC68 vectors stimulate highly intense transgene product-specific immunities in host, which are not to be dampened by pre-existing immunity to Ad5 \[[@CIT0017],[@CIT0018],[@CIT0022],[@CIT0039]\]. These two vectors are closely related to human serotype 4 adenovirus, and they enter the cells through the coxsackie-adenovirus receptor and thus have similar tropism \[[@CIT0017]\]. Regarding clinical development, these two vectors show great performance in terms of yields, genetic stabilities, and batch reproducibility. Predominantly, the E1-flanking sequences of AdC7 and AdC68 vectors differ from Ad5, preventing the outgrowth of replication-competent adenovirus in packing cell line, which has E1 regions of Ad5 for trans-complementation \[[@CIT0018]\]. Therefore, replication-deficient AdC7 or AdC68 vectors are an ideal platform for vaccine development.

Nevertheless, only a few studies have compared these two vectors in terms of immunogenicity and immune efficacy in parallel when they serve as vaccine carriers. AdC68 is slightly superior to AdC7 in regarding to induce T cell responses when they were tested as SIV or malaria vaccine vectors \[[@CIT0018],[@CIT0043]\], whereas AdC68 and AdC7 could elicit a similar level of malaria specific-antibody response, and conferred 92% and 83% protection against *Plasmodium berghei* challenge in mice 2 weeks post prime, respectively \[[@CIT0043]\]. In this study, single immunization with AdC68 or AdC7 in mice stimulated comparable EBOV GP-specific antibody responses, while AdC68 induced higher T cell response compared with AdC7, which is consistent with the previous study \[[@CIT0043]\]. When they vaccinated the rhesus monkeys, our results indicated that AdC68 triggered stronger neutralization antibody to AdC68 itself than that of AdC7. Taken together, the immunogenicity of AdC68 is likely to be better than AdC7.

We compared the AdC7/AdC68 to AdC68/AdC7 prime-boost, and attempted to determine which regimen might be better. As results showed in this study, AdC7/AdC68 prime-boost regimen surely induced stronger and more effective immune responses and protection efficacy than AdC68/AdC7 regimen. AdC7/AdC68 triggered long-term intense EBOV GP-specific IgG antibody, isotype IgGs (IgG2a, IgG2b, or IgG1), GP-specific neutralizing antibodies in both vaccinated mice and rhesus monkeys, which implies our chimpanzee adenoviral vectors-based prime-boost vaccine against EBOV may surpass the similar EBOV vaccines applied by a single immunization \[[@CIT0010],[@CIT0011],[@CIT0044]\]. Besides the humoral response, T cell immune responses could also contribute to the protection against EBOV infection \[[@CIT0045]\], and EBOV GP-specific CD8^+^ T cell responses were found in convalescent phase of EVD \[[@CIT0046]\]. Our prime-boost vaccine could stimulate GP-specific T cell response at a certain degree in mice, which is consistent with other adenovirus-based EBOV vaccines \[[@CIT0011],[@CIT0044]\]. Although the T cell immune responses enhanced the broad spectrum of immune protection, many studies have shown that the antibody response is sufficient for immune protection against Ebola virus infection \[[@CIT0047]\].

BSL-4 facility is required for EBOV infection experiments, but it only exists in very few countries. Recently, an EBOV-like particles (EBOVLP) system was established via co-expression of GP, matrix protein VP40, nucleoprotein NP, and firefly luciferase in mammalian cells to mimic the virus challenge in BSL-4 free conditions \[[@CIT0019]\]. This allows us to test the *in vivo* efficacy of EBOV vaccine rapidly even in BSL-2 laboratories. Furthermore, cynomolgus macaques and rhesus macaques are considered the standard animal model for Ebola and Marburg virus infection \[[@CIT0050]\]. In this study, AdC7 prime-AdC68 boost could block EBOVLP entry in mice, and the prime-boosted rhesus macaques induced antibodies, which provided passive protection against EBOVLP. Therefore, it was found that our prime-boost vaccine could provide great potential protection against EBOV infection. Undoubtedly, EBOV isolate challenge in BSL-4 is still in demand for further verification.

In summary, we first exploited two heterologous chimpanzee Ad vectors as prime-boost vaccine against EBOV and discovered that AdC7/AdC68 prime-boost strategy surpassed the AdC68/AdC7 prime-boost or two single vaccinations. These findings indicate that our prime-boost vaccine might serve as a promising vaccine candidate against EBOV and warrant extensive testing for clinical usage.
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